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The function of rice dwarf virus segment 11 and the corresponding segments of other phytoreoviruses is not yet
determined. The amino acid sequence of Pns11, encoded by segment 11, contains a putative zinc finger and five flanking basic
regions at the C-terminus. The full-length Pns11 protein and three truncated derivatives, which lack the N-terminus, the
zinc-finger, or the C-terminal five basic regions were expressed in Escherichia coli and their nucleic acid binding properties
were studied. Pns11 interacts with single- and double-stranded forms of DNA and RNA in a sequence-nonspecific manner.
The truncated derivative which contains both the zinc-finger and the C-terminal basic regions has the same binding
properties as the full-length Pns11. However, removal of either of these domains prevents binding activity. The binding activity
of Pns11 was drastically reduced when the blots were treated with a high concentration of EDTA. Moreover, Pns11 extracted
from infected rice also binds to single-stranded RNA. These data suggest that RDV Pns11 binding activity is structure-
dependent and it may play an important role in virus replication and/or genome assortment. © 1998 Academic Press
INTRODUCTION
Rice dwarf virus (RDV) is a member of the phytoreovi-
rus genus within the Reoviridae family, which causes a
serious disease of rice in southern Asia (Boccardo and
Milne, 1984). The complete nucleotide sequences of Jap-
anese and Chinese isolates of RDV have been deter-
mined (Uyeda et al., 1994; Zhang et al., 1997).
The intact particles of RDV contain seven structural
proteins, P1, P2, P3, P5, P7, P8, and P89, which have been
confirmed as the products of the corresponding S1, S2,
S3, S5, S7, and S8 genomic segments (Suzuki et al.,
1994), and the localizations of these proteins are core,
outer capsid, major core, core, minor core, outer capsid,
and outer capsid, respectively (Omura et al., 1989, 1994).
S1-encoded core protein P1 is considered the RNA-
dependent RNA polymerase (RdRp) of RDV (Suzuki et al.,
1992). The S2-encoded 130-kDa protein (P2) is essential
in virus attachment and/or penetration of virus into vector
cells (Omura et al., 1994; Yan et al., 1996). S5-encoded P5
is assumed to be the mRNA guanyltransferase (Suzuki et
al., 1996). In addition to the seven structural proteins, the
rest of the viral genome segments encode at least six
nonstructural proteins. They are Pns4 (83 kDa), Pns6 (56
kDa), Pns9 (49 kDa), Pns10 (35 kDa), Pns11 (23 kDa), and
Pns12 (34 kDa), which are encoded by S4, S6, S9, S10,
S11, and S12, respectively. These nonstructural proteins
are not detected in the purified virus preparations and
their functions are not yet known.
Nonstructural protein Pns11 has significant amino acid
sequence identity (30%) to wound tumor virus (WTV) Pns12.
The most conserved region between RDV Pns11 and WTV
Pns12 is located in the N-terminal region (amino acids
1–83) (Xiao et al., 1996). The function of WTV Pns12 is
unclear. Pns11 also has similarities to sea urchin histone
H1 and blue tongue virus (BTV) VP6 (Uyeda et al., 1994).
BTV VP6 binds single- and double-stranded RNAs (Fuku-
sho et al., 1989). In addition, the amino acid sequence of
RDV Pns11 contains a putative Cys2-Cys2 zinc-finger motif.
These results may suggest that RDV Pns11 is a nucleic acid
binding protein. In an attempt to study the function of Pns11,
we have cloned the gene and expressed Pns11 and three
truncated derivatives in Escherichia coli. Here we report
that RDV Pns11 is a single- and double-stranded nucleic
acid binding protein.
RESULTS
The amino acid sequence of Pns11 contains a putative
zinc-finger motif at the N-terminus, and the C-terminus is
extremely hydrophilic and contains several basic regions
(Fig. 1). To determine whether Pns11 and its truncated
forms (Fig. 1) can bind to nucleic acids, the full-length
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coding region and deletion mutants were cloned and
proteins overexpressed in E. coli.
Nucleic acid binding of RDV Pns11 expressed in E. coli
After SDS–PAGE analysis, proteins were electroblotted
onto nitrocellulose membranes and renatured. The mem-
branes were incubated with either 32P-labeled DNA or RNA.
The results showed that Pns11 (21 kDa) is able to interact
with single (Fig. 2B, lane 2)- and double-stranded (results
not shown) RDV S11 DNA and with single (plus-strand)- and
double-stranded RDV S11 RNA transcripts (Figs. 2D and 2E,
respectively, lane 2). In order to examine the sequence-
specific binding activity of Pns11, the 32P-labeled RNA tran-
scripts which cover the S11 59 end (nts 1–231), 39 end (nts
752–1036), and an internal region (nts 232–751) were incu-
bated with Pns11 bound to membranes. Results showed
that Pns11 binds to all three regions (data not shown).
Pns11 can also bind to RDV S12 RNA transcript (Fig. 2C,
lane 2) and pGEM3Zf(1) RNA transcript (results not
shown). These results illustrate that Pns11 binds to nucleic
acids in a sequence-nonspecific manner.
Nucleic acid binding of RDV Pns11 from infected rice
plants
To confirm that the binding activity of Pns11 expressed
in E. coli is also a feature of naturally produced viral
FIG. 2. Single- and double-stranded RNA and DNA binding activity of Pns11. Proteins were extracted either from E. coli transformed with vector
pBBV221 (lane 1) or from pBVRS11 (lane 2) and separated by SDS–PAGE. (A) Coomassie-stained gel. A protein molecular weight marker (numbers
at the left margin indicate molecular weights in kDa) was coelectrophoresed in lane M. After blotting, membranes wre incubated with 32P-labeled
probes corresponding to RDV S11 single-stranded DNA (B), S12 single-stranded RNA transcribed from clone pBRS11 using T7 RNA polymerase (C),
S11 plus-strand RNA transcribed from clone pBRS11 using T7 RNA polymerase (D), and S11 double-stranded RNA (E). The double-stranded RNA was
prepared from complementary RNAs transcribed from clone pBRS11 using T3 and T7 RNA polymerases.
FIG. 1. Schematic representation of the putative zinc-finger motif and the truncated forms of Pns11 used in this study. The zinc-finger motif is located
in the Pns11 sequence between residues 47 and 61. Underlined sequences indicate the basic regions (BR1, BR2, BR3, BR4, and BR5) flanking the
zinc-finger motif. Numbers of amino acids in the intervening sequences are indicated in parentheses.
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protein, we extracted total proteins of healthy and RDV-
infected rice tissues and then performed the binding
experiments. Due to the extremely small amount of
Pns11 and numerous host nucleic acid binding proteins,
Pns11-specific binding was obscured. Therefore, pro-
teins of approximately 21 kDa were isolated and used in
the nucleic acid binding assay. Western blot analysis
using RDV Pns11 antiserum (Suzuki et al., 1994) con-
firmed that the protein extract from RDV-infected rice
contained RDV Pns11 (Fig. 3B, lane 2). The extract also
contained comigrating nucleic acid binding activity (Fig.
3A, lane 2), consistent with our contention that Pns11
from infected rice plants also binds to nucleic acids.
Binding of Pns11 truncated forms to nucleic acids
Binding experiments of RDV Pns11 truncated forms to
nucleic acids were carried out as for full-length Pns11.
To ensure that similar amounts of Pns11 and the trun-
cated forms had been applied to the membranes,
proteins were analyzed by Western blotting using anti-
serum against Pns11. Pns11 and its three truncated de-
rivatives with expected sizes of 21 kDa (Pns11; Fig. 4A,
lane 2), 17.5 kDa (Pns11DN38; Fig. 4A, lane 3), 13 kDa
(Pns11DN68; Fig. 4A, lane 4), and 8 kDa (Pns11DC106;
Fig. 4A, lane 5) strongly reacted with antiserum against
Pns11. The molecular weights of Pns11 and its three
truncated derivatives, as calculated from their amino
acid sequences, are smaller than the values derived
from their electrophoretic mobilities, which is a phenom-
enon often observed in SDS–PAGE (Nuss and Dall, 1990).
The faster moving bands in lanes 2–4 are probably
breakdown products of Pns11.
The binding experiments with 32P-labeled RDV S11
plus-strand RNA revealed that the binding activity of
Pns11 needs both the zinc-finger motif and the C-termi-
nal flanking basic regions. Removal of either the C-
terminal basic regions or the N-terminal basic region and
zinc-finger motif prevented binding (Fig. 4B, lanes 4 and
5). However, removal of the N-terminal basic region did
not prevent binding (lane 3). This suggests that the basic
regions at the C-terminus of the zinc finger are more
important than the N-terminal basic region for binding
activity.
Effect of EDTA on binding activity of Pns11 to nucleic
acids
It was found that incubation of membranes with high
concentrations of EDTA drastically reduced the binding
activity of Pns11 to either RNA (Fig. 5B, lane 2) or DNA
(results not shown). This is consistent with EDTA chelation
of zinc ions bound to Pns11, thus impairing its binding
activity. This result, combined with those from the binding
experiments of Pns11 deletion mutants, suggests that RDV
Pns11 binding activity is structure-dependent.
DISCUSSION
In this study we present evidence that the protein
encoded by RDV segment 11 is a nucleic acid binding
FIG. 4. Nucleic acid binding activity of Pns11 and its truncated
derivatives. Protein samples from E. coli transformed with pBV221 (lane
1), pBVRS11 (lane 2), pBVRS11DN38 (lane 3), pBVRS11DN68 (lane 4),
and pBVRS11DC106 (lane 5) were separated by SDS–PAGE. The blots
were either used for the immunodetection of Pns11 (A) or incubated
with 32P-labeled RDV S11 plus-strand RNA transcript (B). The positions
of protein molecular weight markers (kDa) are indicated.
FIG. 3. Single-stranded RNA binding activity of Pns11 extracted from
RDV-infected rice. Protein samples from healthy rice (lane 1), RDV-
infected rice (lane 2), a partially purified preparation of RDV (lane 3),
and E. coli transformed with pBVRS11 (lane 4) and pBV221 (lane 5) were
separated by SDS–PAGE. Blots were either incubated with 32P-labeled
S11 plus-strand RNA (A) or used for the immunodetection of Pns11 (B).
The positions of protein molecular weight markers (kDa) are indicated.
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protein that binds to single- and double-stranded RNA
and DNA in a sequence-nonspecific manner. Deletion
mutations and EDTA treatment showed that the binding
activity of Pns11 requires the zinc-finger motif and the
C-terminal flanking basic regions, which suggests that
the binding activity is structure-dependent. Such struc-
ture-dependent binding is similar to that of a group of
transcription factor proteins that contain Cys2-His2 zinc-
finger motifs and cucumber mosaic virus (CMV) RNA
binding 3a protein, which bind without sequence speci-
ficity (Pedone et al., 1996; Li and Palukaitis, 1996). The
residues located at the N-terminus of the zinc-finger
motif have been shown to be important for structure
formation and DNA binding for the transcription factor
proteins (Neuhaus et al., 1992; Thukral et al., 1991; Fairall
et al., 1992). However, our data indicate that the C-
terminal basic regions are more important than the N-
terminal basic region for Pns11 binding activity.
The sequence-nonspecific binding activity of RDV
Pns11 is also similar to that of rotavirus nonstructural
protein NSP2. NSP2 binds single-stranded RNA in vitro
and in vivo without sequence specificity (Kattoura et al.,
1992). The N-terminal region of NSP2 is relatively un-
charged and the C-terminal region contains a highly
conserved region of 37 amino acids (amino acids 205–
241) that is extremely basic (pI 11–12) (Patton et al., 1993).
Nearly all of the terminal truncation mutants at both the
N-terminus and the C-terminus of NSP2 lack RNA bind-
ing activity (Kattoura et al., 1992). The distribution of
charged amino acids of Pns11 and NSP2 are similar. In
addition, the C-terminus of Pns11 contains many serine
residues compared with the N-terminus and is extremely
hydrophilic (data not shown). Rotavirus NSP2 exists in
the viroplasm and it may play an important role in viral
genome assortment and replication (Kattoura et al.,
1992). It is possible that RDV Pns11 may also play a
similar role, although no significant homology between
RDV Pns11 and rotavirus NSP2 has been detected.
The amino acid sequence of RDV Pns11 has signifi-
cant identity to that of WTV Pns12 and the most con-
served region of both proteins is located in the N-termi-
nal region (Xiao et al., 1996). However, the function of
WTV Pns12 and the corresponding segments of other
phytoreoviruses is not yet known.
The C-terminus of Pns11 has similarity to the C-termi-
nus of sea urchin histone H1 protein and the N-terminus
of BTV VP6 (Uyeda et al., 1994). The amino acid se-
quence of histone H1 consists of three domains (Strick-
land et al., 1980a,b). The C-terminus is rich in lysine and
alanine and also contains many serine, proline, and
arginine residues. These amino acids are not distributed
randomly, but occur within three types of repeats: (ba-
sic)2-Pro-(basic)2 or (basic)2-Ser-Pro-(basic)2 and Ala-
Lys-Lys-Pro-Ala. In the sequence of Pns11 we could not
find such repeats, but five basic regions and many serine
residues do occur. BTV VP6 is a minor component of the
BTV core. It is a hydrophilic protein and contains very
few aromatic residues, but many charged amino acids
(Fukusho et al., 1989). VP6 can bind single-stranded RNA
and double-stranded RNA (Hayama and Li, 1994) and
may act as a chaperone in incorporating double-
stranded RNA into particles (Roy et al., 1990; Hayama
and Li, 1994). Whether RDV Pns11 also acts as a molec-
ular chaperone to incorporate RNA into particles is not
known.
Finally, since Pns11 can bind single-stranded RNA, it
may function to protect the RDV RNAs before their trans-
lation, replication, and/or genome assortment. Experi-
ments are now in progress to characterize the nature of
the interaction of Pns11 with RNA by mapping the bind-
ing domain, to determine the three-dimensional structure
of Pns11 and to correlate its activity with a particular
function within the viral infection cycle.
MATERIALS AND METHODS
Virus purification and genomic RNA extraction
RDV was purified from rice infected with the Fujian
isolate of RDV, and the genomic double-stranded RNA
was extracted from the purified RDV preparation (Gao et
al., 1993; Li et al., 1994).
Cloning of RDV S11 and truncated forms in an
expression vector
First-strand cDNA synthesis and PCR amplification
were performed using the primer 59 GGTAAATGAGTG-
GAACATTA39 (corresponding to nucleotides (nts) 1–20)
as the forward primer and 59 ATCATATATGAGTGGGTG 39
(corresponding to nts 1017–1036) as the reverse primer.
The amplified product was cloned into the EcoRV site of
pBluescript (SK) yielding pBRS11. For expression of the
FIG. 5. Effect of EDTA on the single-stranded RNA binding activity of
Pns11. Each lane contained protein samples from E. coli transformed
with either pBV221 (lane 1) or pBVRS11 (lane 2). Membrane-bound
proteins were renatured in buffer A alone (A) or in the presence of 50
mM EDTA and 5 mM mercaptoethanol (B). The blots were incubated
with 32P-labeled S11 plus-strand RNA. The positions of protein molec-
ular weight markers (kDa) are indicated.
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full-length coding sequence of RDV Pns11 and different Pns11
forms truncated at the N-terminus or C-terminus, plasmids
were constructed using PCR products amplified with three
primer pairs. Primer pair one, comprising 59 AGGAATTCTAT-
GACGGCGAGTGAAT 39 (corresponding to nts 28–45 with an
EcoRI site at the 59 end) as the forward primer and 59 AATG-
TAGCAAAGCTTACTTACG 39 (corresponding to nts 567–588
with two nucleotide changes to create a HindIII site) as the
reverse primer, was used to amplify the full-length coding
sequence. Primer pair two, comprising 59 TCTGAAAGTA-
GAATTCATGAAAAAT 39 (corresponding to nts 128–152 with
three nucleotide changes to create an EcoRI site) as the
forward primer and the reverse primer of primer pair one, was
used to amplify an N-terminal deletion mutant. Primer pair
three, comprising the forward primer of primer pair one and 59
CAAAAGGGAAGCTTACGCATTA 39 (corresponding to nts
248–269 with three nucleotide changes to create a stop codon
and HindIII site) as the reverse primer, was used to amplify a
C-terminal deletion mutation. The above three PCR products
were digested with EcoRI and HindIII and cloned into the
same restriction sites of pBluescript vector resulting in plas-
mids pBRS11, pBRS11N38, and pBRS11C106. For the ex-
pression, the S11 and the other two fragments were released
from plasmids pBRS11, pBRS11N38, and pBRS11C106 with
EcoRI and SalI and inserted into the same restriction sites of
expression vector pBV221 downstream of the PR/PL inducible
promoter (Zhang et al., 1990), resulting in plasmids pBVRS11,
pBVRS11DN38, and pBVRS11DC106. Plasmid pBVRS11DN68,
lacking the zinc-finger motif, was constructed by cloning the
BamHI/SalI fragment of S11 into the same restriction sites of
pBV221, and this intermediate recombinant plasmid was fur-
ther digested with BamHI and AccI to remove the N-terminal
68 amino acids. The cohesive ends were then treated with T4
DNA polymerase and the construct was ligated with T4 DNA
ligase, yielding plasmid pBVRS11DN68. All plasmid constructs
were confirmed by sequencing. Cloning and sequencing
were carried out as described by Sambrook et al. (1989). The
resulting plasmids were transferred into E. coli DH5a-com-
petent cells. Clones positive for expression of RDV Pns11 and
the three different truncated derivatives were selected by
Western blotting. The expression products Pns11, Pns11DN38,
and Pns11DC106, produced from pBVRS11, pBVRS11DN38,
and pBVRS11DC106, do not contain nonviral amino acids,
whereas the expression product Pns11DN68, produced from
pBVRS11DN68, contains three nonviral amino acids (Met-Asp-
His) fused at the N-terminus.
Expression of Pns11 and Pns11 truncated forms
E. coli DH5a recombinants were grown in LB medium
containing ampicillin (100 mg/ml) at 28°C. The induction was
carried out by shifting the temperature to 40°C for 3 h.
Protein extraction and detection
After induction, 1.5-ml aliquots of cells were harvested
by centrifugation at 4°C and cell pellets were suspended
in 200 ml 13 Laemmli loading buffer (Laemmli, 1970).
The cell suspensions were boiled for 5 min and proteins
were separated by SDS–PAGE. Western blotting was
carried out using a method developed for detecting low-
molecular-weight polypeptides on a nitrocellulose mem-
brane, as described by Rosenbaum et al. (1989). Produc-
tion of antiserum against RDV Pns11 (provided by Dr.
Suzuki) has been described (Suzuki et al., 1994).
Protein extraction from healthy and RDV-infected rice
tissues
In order to examine whether Pns11 from RDV-infected
rice can bind nucleic acids, the total proteins of healthy
and RDV-infected rice were extracted essentially as de-
scribed by Lammeli (1970), and proteins of approximately
21 kDa were recovered by preparative SDS–PAGE as
described by Hager and Burgess (1980).
Nucleic acid binding experiments
Protein extracts from colonies expressing Pns11 and
different truncated forms, as well as from various control
colonies, were separated on an 18% polyacrylamide gel
and electroblotted onto nitrocellulose membranes. Mem-
branes were rinsed twice for 30 min each with a solution
of 6 M urea, 0.1% NP-40. Membrane-bound proteins were
renatured by rinsing with buffer A containing 10 mM
Tris–HCl, pH 7.8, 50 mM NaCl, 0.2 g/L Ficoll, 0.2 g/L
polyvinylpyrrolidone for 1 h with two changes. The mem-
branes were then incubated in buffer A with pGEM3Zf(2)
plasmid DNA or full-length cloned fragments of RDV
segments S11 or S12 [a-32P]dATP end-labeled using a
Klenow fragment. To investigate whether the zinc-finger
motif is essential for binding activity, a modification of the
method of Pedone et al. (1996) was used. The renatured
membrane-bound proteins were incubated in buffer A
containing 50 mM EDTA and 5 mM mercaptoethanol for
1 h after renaturation. The EDTA-treated membranes
were then washed with buffer A five times to remove
excess EDTA and mercaptoethanol. The membrane-
bound proteins were then renatured again and incubated
with 32P-labeled probes. The double-stranded DNA
probe was used either directly for binding experiments
or after alkaline denaturation to produce single-stranded
DNA. Single-stranded RNA probes were labeled by in
vitro run-off transcription with T7 or T3 RNA polymerase
in the presence of [a-32P]UTP using linearized pBRS11 or
pBRS12 templates, which contain RDV full-length cDNA
sequences in either the sense or the antisense orienta-
tion. Double-stranded RNA probes were prepared from
these complementary RNAs by liquid hybridization, gel
filtration, and S1 nuclease digestion (Gramstat et al.,
1990). After incubation with different radioactive nucleic
acids, membranes were washed with buffer B containing
10 mM Tris–HCl, pH 7.8, 200 mM NaCl for 1 h with two
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changes of wash solution. Radioactive bands were de-
tected by autoradiography.
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